Purified RNA polymerase II initiated transcription from the yeast CUP1 promoter fused to a C-less cassette if the DNA was negatively supercoiled. Relaxed plasmid was not transcribed. Transcription did not require addition of any other transcription factors. TATA box-binding protein (TBP) was not detectable in the polymerase preparation and the TATA box was not required. Deletion analysis of the CUP1 promoter revealed that a 25-bp element containing the initiation region was sufficient for recognition by polymerase. Two transcription start sites were mapped, one of which is identical to one of the two major start sites observed in vivo. Our observations can be accounted for by using a theoretical analysis of the probability of DNA melting within the plasmid as a function of superhelix density: the CUP1 initiation element is intrinsically unstable to superhelical stress, permitting entry of the polymerase, which then scans the DNA to locate the start site. In support of this analysis, the CUP1 promoter was sensitive to mung bean nuclease. These observations and a previous theoretical analysis of yeast genes support the idea that promoters are stress points within the DNA superhelix. The role of transcription factors might be to mark the promoter and to regulate specific melting of promoter DNA.
T
he mechanism of transcript initiation is central to an understanding of gene regulation. In eukaryotes this mechanism is highly complex, involving a large number of proteins, most of which are now known to exist in large complexes (1) . Basal transcription in vitro requires RNA polymerase II (Pol II) and a set of general transcription factors [TATA box-binding protein (TBP) and its associated TAFs, TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH]. More protein complexes are required to communicate the activation signal from the transcription activator bound at elements in the promoter (or elsewhere) to the polymerase. These include multiple forms of mediator (2) , which bind to the C-terminal domain (CTD) of the largest subunit of Pol II to form a holoenzyme. Regulation of a gene can occur at various stages: during recruitment of factors to the promoter, unwinding of promoter DNA to form an initiation complex, escape of polymerase from the promoter, elongation, and termination of the transcript.
We study the transcriptional regulation of the CUP1 gene from Saccharomyces cerevisiae because its biological function is clear and the mechanism of induction is well understood (3). It encodes a metallothionein which protects the cell against the toxic effects of copper. Induction occurs when copper ions enter the cell and bind to the N-terminal domain of the transcriptional activator Ace1 (encoded by ACE1͞CUP2), inducing a conformational change to create a DNA-binding surface that specifically recognizes the upstream activating sequences in the CUP1 promoter (3, 4) . Transcriptional activation occurs through the acidic C-terminal domain of Ace1. CUP1 can also be activated by heat shock factor in a separate, copper-independent, pathway (5, 6) . In vivo, TBP has been detected at the CUP1 promoter (7, 8) , but induction is independent of TFIIA (9, 10), TFIIE (11) , the Kin28 CTD kinase of TFIIH, and some (but not all) components of mediator (12) (13) (14) . Furthermore, Ace1 activates transcription independently of most of the TAFs (15) . That CUP1 can be induced in vivo in the absence of many of the basal transcription factors suggests that its regulation might be relatively simple.
Our approach is to reconstitute the activity of CUP1 in vitro with purified yeast transcription proteins. We have purified a number of yeast transcription factors either in recombinant form from Escherichia coli (e.g., yTBP, yTFIIB), or from yeast (e.g., Pol II). To test the activities of our purified recombinant proteins, we made use of the observation that specific initiation by Pol II at certain promoters requires only a small subset of transcription factors (namely TBP, TFIIB, and, usually, TFIIF) if the DNA is negatively supercoiled (16, 17) . However, we obtained the surprising result that only Pol II was required for initiation at two precise start sites in the CUP1 promoter on negatively supercoiled DNA. Our observations can be accounted for by using a theoretical analysis of the probability of DNA helix melting within the plasmid as a function of superhelix density (18, 19) : the initiation element in the CUP1 promoter is a stress point in the plasmid, permitting entry of polymerase, which then scans the DNA to locate the start site.
Materials and Methods
A Yeast Strain with a Tagged Pol II. YPH420 (ref. 20 ; gift of P. Hieter, Johns Hopkins University, Baltimore) (MATa leu2 trp1-⌬63 ura3-52 prb1-1122 pep4-3 prc1-407) was transformed to Ura ϩ with a BglII digest of pRP6B to obtain YDC-RP2. The presence of the tag was confirmed by Southern blotting. pRP3A was constructed by inserting the 1461-bp BglII fragment containing the 3Ј end of RPB1 from pRPO21 (ref. 21 ; gift of J. Ingles, University of Toronto, Toronto) at the BglII site in pSP72⌬ (constructed by religation of pSP72 (Promega) after cleavage with EcoRV and PvuII to delete the intervening restriction sites). In pRP4, the ApoI-SnaBI fragment containing the stop codon in pRP3A was replaced with the same sequence plus an extra 8 codons, constructed by ligating the AatII-ApoI 1075-bp fragment from pRP3A to annealed oligos (5Ј-AATTCCAGAA-GTACTCATCATCACCATCACCAT TGATATAGTATA-TCATCCTTAC and 5Ј-GTAAGGATGATATACTATATC-AATGGTGATGGTGATGATGAGTACTTCTGG), digestion with AatII and SnaBI, and ligation into pRP3A cut with AatII and SnaBI. This results in extra coding sequence at the ApoI site located close to the stop codon of RPB1: Ser-Thr-His 6 , marked by a ScaI site. In pRP6B, the 1344-bp ClaI-DraI fragment from pYES2 (Invitrogen) containing URA3 was end-filled and inserted at the SwaI site downstream of RPB1 (such that URA3 and RPB1 are transcribed in opposite directions).
Purification of Tagged Pol II. A 135-g portion of frozen fermentergrown YDC-RP2 was thawed in 135 ml of Disruption Buffer [200 mM Tris-acetate, pH 8͞50 mM potassium acetate͞0.5 mM NaEDTA͞0.5 mM NaEGTA͞10 mM MgCl 2 ͞10% (vol͞vol) glycerol͞10 mM glutathione͞1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)͞10 g/ml leupeptin͞15 g/ml pepstatin A͞20 g/ml chymostatin͞10 g/ml aprotinin͞2 mM benzamidine]. The cells were lysed at 4°C by using an ice-cooled bead beater (Biospec Products, Bartlesville, OK): three disruption cycles at 45 sec per disruption with 1 min between each cycle for cooling. Cell debris was removed by centrifugation (16,000 rpm in a Sorvall SS-34 rotor, 4°C, 10 min). DE-52 resin (Whatman) preequilibrated in wash buffer [20 mM Tris-acetate, pH 8͞0.15 M potassium acetate͞10% (vol͞vol) glycerol͞10 mM glutathione͞5 g/ml leupeptin͞0.1 mM AEBSF] was added to the supernatant (1 ml of wet settled resin per ml of supernatant). The suspension was mixed continuously on a tube rotator for 30 min at 4°C and poured into a precooled 350-ml Buchner funnel attached to a vacuum flask. The liquid was removed slowly. The resin was washed with 3 liters of wash buffer. Pol II activity was eluted with two 90-ml portions of elution buffer (20 mM Tris-acetate pH 8͞0.5 M potassium acetate͞10% (vol͞vol) glycerol͞10 mM glutathione͞5 g/ml leupeptin͞0.1 mM AEBSF). Then 180 ml of DE-52 eluate were mixed with 8 ml of Talon resin (CLONTECH), preequilibrated in binding buffer [BB: 20 mM Tris-acetate, pH 8͞0.1 M potassium acetate͞10% (vol͞vol) glycerol͞10 mM glutathione͞5 g/ml leupeptin͞0.1 mM AEBSF]. The suspension was mixed for 30 min as above. The resin was collected (Sorvall H1000B, 1,800 rpm, 4°C, 3 min), resuspended in 100 ml of BB, washed for 10 min on the rotator at 4°C, collected and washed twice more: (i) 50 ml BB with 1 mM imidazole⅐HCl; (ii) 50 ml of BB with 10 mM imidazole⅐HCl. Pol II was eluted with 40 ml of BB containing 60 mM imidazole⅐HCl, applied to a MonoQ 5͞5 column (Amersham Pharmacia) preequilibrated in BB, and eluted by using a 0.1-1 M potassium acetate gradient in BB. Pol II eluted at 0.9-1.0 M salt. Pol II was dialyzed into 20 mM Tris-acetate, pH 8͞0.1 M potassium acetate͞50% (vol͞vol) glycerol͞0.1 mM NaEGTA͞10 mM glutathione͞5 g/ml leupeptin͞0.1 mM AEBSF and stored in aliquots at Ϫ80°C. Fractions were assayed as described in ref. 22 . Antibodies used in immunoblotting were as follows: RGShis4 epitope (Qiagen, Chatsworth, CA), Pol II-CTD (MAb 8WG16, QED Biosciences, San Diego, CA), Tfg1, Gal11, yTBP, and Srb4 (gifts from R. Kornberg, Stanford University, Stanford, CA; M. Ptashne, Memorial Sloan-Kettering Cancer Center, New York; M. Green, University of Massachusetts, Worcester, MA; and R. Young, Massachusetts Institute of Technology, Cambridge, MA, respectively).
Plasmids. CUP1 was obtained as a KpnI-NsiI fragment from YEp(CUP1)2A (ATCC 53233) and inserted into pUC19 cut with KpnI and PstI to yield pCP2. The first two C residues in the CUP1 transcript were converted to G by site-directed mutagenesis and a HpaI site was added at ϩ25 (relative to the first major transcript start site; ref. 23 ) to give pCUP1C-less (30) . A synthetic 380-bp C-less cassette was obtained as a blunted AseI-SacI fragment from pB20A inserted at HpaI͞SacI to yield pCUP1C-less(410). pB20A was constructed by ligating an oligonucleotide containing an SP6 promoter (24) to the SmaI end of the SmaI-SacI fragment containing the C-less cassette from pCA 2 T (ref. 25 ; gift of M. Sawadogo, University of Texas, Houston) to yield a SacI fragment containing an SP6 promoter linked to the cassette, which was inserted into the SacI site of pB17A (with the GLN3 insert in reverse orientation relative to pB17B; ref. 24) , such that the SP6 promoter is farthest from the GLN3 insert. pCUP1C-less(100) was constructed by using PCR to generate a shorter synthetic cassette (100 bp), by using the oligo 5Ј-CTGAGAATTCTATCCTCTCCTCACCTCTCCC, but otherwise the same as pCUP1C-less(410). pCUP1C-less(100)T1T10: the G residues at the in vivo start sites (20) were converted to T by directed mutagenesis using the oligo 5Ј-GCAATAT-CATATATAAGTGATGTAAATAGATATTAAGGT. For pCUP1C-less(Sph-Xba), pCUP1C-less(410) was cut with SphI and XbaI, blunted and religated. pCUP1(Nsi)C-less was constructed by altering the TATCATATA sequence immediately preceding the CUP1 start site in pCUP1C-less(410) to ATG-CATATA to create an NsiI site. pC-less was obtained by deletion of the HindIII-NsiI fragment containing all of the upstream CUP1 sequences. In pC-less⌬IE, the CUP1 entire initiation region (from the NsiI site to the start of the synthetic cassette) was deleted. pCUP1C-less(410) at superhelix densities () of 0, Ϫ0.08, Ϫ0.12, and Ϫ0.16 (corresponding to 0, 26, 40, and 53 negative supercoils) was prepared as described (26) .
Transcription. A 0.1-g sample of DNA was preincubated with 2 g of Pol II for 30 min in buffer at 30°C, NTPs were added, and incubation was for 1 h at 30°C in a final volume of 12 l of 40 mM NaHepes, pH 7.5͞0.1 M potassium acetate͞7.5 mM magnesium acetate͞5 mM 2-mercaptoethanol͞0.1 mg/ml BSA͞15 units of Prime RNase inhibitor (Eppendorf 5 Prime)͞1.3 mM ATP͞1.3 mM CTP or GTP͞0.1 mM UTP with 8 Ci of [␣-32 P]UTP. RNA was purified and analyzed in polyacrylamide͞ urea gels.
Mung Bean Nuclease Analysis. A 0.2-g sample of pCUP1C-less(410) was mixed with 1.3 g of DNA digested with BstEII as carrier in 40 l of 50 mM NaCl͞10 mM sodium acetate͞10 mM MgCl 2 ͞10 mM Tris⅐HCl, pH 7.9͞0.2 mM ZnCl 2 ͞1 mM DTT and digested with 3 or 9 units of mung bean nuclease (New England Biolabs) per g of DNA for 30 min at 30°C. DNA was purified, digested with AatII, purified, electrophoresed in an alkaline 1.2% agarose gel (27) , and blotted.
Results
Purification of Pol II from Yeast. To facilitate purification of Pol II, a strain was constructed in which the C terminus (CTD) of the large subunit (Rpb1) was tagged with six histidine residues. A haploid strain (YPH420) carrying mutations in three genes encoding proteases was selected to reduce proteolysis during isolation. The chromosomal RPB1 gene was replaced directly with the tagged version. The shortest possible tag was added, separated from the wild-type C terminus by two hydrophilic residues, because certain extensions of the CTD are lethal (28) . The growth rate of the tagged strain (YDC-RP2) was very similar to that of the parent strain in YPD (yeast extract͞ peptone͞dextrose) medium. Thus, the tagged RNA polymerase is fully functional in vivo.
Pol II was purified to about 50% homogeneity (Fig. 1) . Most of the subunits were identified by molecular weight, and the presence and identity of the large subunit were confirmed by Western blots using antibodies against the tag and Rpb1 (data not shown). The mediator subunits, Srb4 and Gal11, were not present in the preparation, as determined by Western blotting. (They were detected in the post-His affinity fraction; data not shown.) Thus, this preparation is not holoenzyme, although the presence of alternative holoenzymes cannot be eliminated. Because no TBP was detected (Fig. 1C) , it can be deduced that there is less than 1 mol of TBP present per 300 mol of Pol II. The large subunit of TFIIF was also undetectable (data not shown).
Pol II Initiates Transcription from the CUP1 Promoter in Negatively
Supercoiled Templates. To reconstitute transcription of CUP1 in vitro, a number of yeast transcription factors were purified. To test whether these factors were functional, we exploited the fact that only a subset of transcription factors is required for basal transcription of certain promoters, provided that the DNA template is negatively supercoiled (16) . We constructed a plasmid containing the CUP1 promoter fused to a C-less cassette [pCUP1C-less(410)]: the first 25 residues of the CUP1 transcript contain only two C residues, which were converted to G, and fused to a synthetic C-less cassette (ref. 25 ; Fig. 2A ), resulting in a C-less region of 413 nt. The insert contains the entire CUP1 promoter and the 3Ј flanking region of the gene upstream, referred to here as the 3Ј unidentified reading frame (URF) region. This plasmid was prepared at different superhelix densities (Fig. 2B ) and used as template in transcription reactions in the absence of CTP for transcription from the CUP1 promoter, or in the absence of GTP for transcription from the vector end of the cassette. Surprisingly, only Pol II was necessary to obtain specific transcripts originating in the CUP1 promoter (Fig. 2C) ; no general transcription factors were added. Since this result was unexpected, the mechanism of promoter recognition by Pol II was examined in more detail.
Transcripts were observed only with negatively supercoiled templates; no transcripts were observed with relaxed plasmid. Although the test DNAs were very negatively supercoiled, plasmid DNA as isolated from bacteria is sufficiently negatively supercoiled (about ϭ Ϫ0.055) to yield the same transcripts (Fig. 2C) . Thus, negative supercoiling is required for initiation. In the absence of CTP, a set of specific transcripts was observed, indicating that initiation is not random (nonspecific), since this would result in transcripts of all lengths. The most prominent transcript is about 405 nt long and therefore must have originated in the CUP1 promoter (Fig. 2C and see below) . Quantitative analysis indicated that initiation at the promoter accounts for about 40% of all initiation events (after correction for transcript length). Three other prominent transcripts (about 280, 350, and 380 nt in length) account for about 10% of initiations each and were initiated within the synthetic cassette (because the same transcripts were obtained on transcription of a plasmid lacking the CUP1 promoter, pC-less⌬IE (Fig. 4B) , and thus could not have originated from the promoter). In the absence of GTP, a smaller set of specific transcripts was obtained, including a prominent transcript of about 130 nt. About 5 times fewer transcripts were synthesized without GTP than without CTP, after taking into account the fact that they contain about twice as many uridine residues on average as their C-less counterparts and are, therefore, labeled to a higher specific activity. This suggests that DNA sequences recognized by Pol II occur more often on the C-less strand than on the G-less strand and that the CUP1 promoter contains a particularly efficient version of this sequence.
Negative supercoiling is necessary for transcription by Pol II probably because it decreases the stability of the DNA duplex, facilitating the melting that must occur before polymerase can initiate. That is, the free energy of supercoiling reduces the energy required to melt the DNA. The free energy of supercoiling is proportional to the square of the superhelix density. A plot of the amount of transcript initiated at the CUP1 promoter against the square of the superhelix density (data of Fig. 2C ) yields a straight line (Fig. 2D ). This suggests that the probability of initiation may be determined directly by the amount of supercoiling energy in the helix, which also governs the extent of unwinding.
Pol II Recognizes the Initiation Element in the CUP1
Promoter. The precise start sites of transcription from the CUP1 promoter were determined by accurate measurement of transcripts derived from a plasmid containing a shorter cassette (100 bp) linked to the CUP1 promoter, relative to RNA markers in a sequencing gel (because DNA and RNA do not migrate identically in these gels) (Fig. 3) . Just two transcripts were observed, indicating very selective initiation by Pol II in the CUP1 promoter. The start sites are four nucleotides apart and both correspond to G residues. The uncertainty in the measurement is one or two nucleotides and is due to band alignment problems and the presence of more than one band in the markers (markers were derived by T7 RNA polymerase run-off transcription). The three start sites observed in vivo (20) are indicated in Fig. 3 . Of the two major start sites in vivo, one corresponds exactly with the upstream start site in vitro. When the G residues marking the major sites in vivo were both mutated to T, Pol II initiated at a single site, corresponding to the A next to the upstream G. Thus, the sequence of the initiation element in the CUP1 promoter determines the start site(s).
To determine how much of the CUP1 promoter is required for initiation by Pol II, some deletions were constructed by using a slightly altered version of pCUP1C-less(410) in which an NsiI site had been engineered close to the end of the cassette (pCUP1(Nsi)C-less) (Fig. 4) . The plasmids were used as isolated (i.e., at native superhelix density). Deletion of the 3Ј URF region and part of the distal upstream activating sequence in pCUP1C-less(Sph-Xba) had no effect on transcription. In fact, deletion of all of the CUP1 sequences upstream of the first in vivo transcription start site resulted in reduced transcription from the promoter but did not eliminate it (pC-less). This transcript originated in the CUP1 promoter, because when the initiation element was deleted to obtain a plasmid with just the synthetic cassette (pC-less⌬IE), the band disappeared and only the transcripts originating within the synthetic cassette were observed. Thus, this 25-bp C-less sequence, which includes all of the transcript initiation sites reported in vivo (20) , is all that is required by Pol II for initiation from the CUP1 promoter. More transcripts were obtained if the rest of the CUP1 promoter was present, indicating that upstream sequences increase the probability of initiation from this element.
The CUP1 Promoter Is Relatively Unstable to Superhelical Stress. The free energy of supercoiling is distributed throughout a circular DNA molecule, which exists in many interconverting conformations differing in writhe and twist. An extreme form of the latter is local melting of the helix, in which the DNA strands are completely untwisted. The ease with which a particular sequence melts depends not only on its base composition (AT-rich sequences melt more easily than GC-rich sequences) but also on its sequence (i.e., on neighboring base pairs). This raises the possibility that CUP1 promoter DNA might be intrinsically unstable to superhelical stress. Sequences more likely to melt than others can be predicted by using superhelical stress-induced duplex destabilization (SIDD) profiles: the sequence is scanned with an algorithm that predicts relatively unstable regions by using experimentally derived melting parameters (18, 19) .
SIDD profiles for pCUP1C-less(410) at different superhelix densities are shown in Fig. 5A . Two types of plot are displayed: (i) the probability of opening the base pairs, and (ii) the (Karin) is shown above the mutated sequences used in pCUP1C-less(100) and pCUP1C-less(T1͞T10) with observed start sites. destabilization energy, which is a measure of the energy required to keep the base pairs open. The latter plot has the advantage that it also reveals sites which are predicted to be unstable but not actually melted. At the lowest superhelix density (Ϫ0.08), there are two peaks in the probability profile: one at about coordinate 1100, corresponding to the termination region of the ␤-lactamase gene in the vector (previously identified as an unstable region; ref. 29) and the other at about 2350, corresponding to the 3Ј URF region. These are the major peaks in the destabilization plot, but three other peaks are also apparent: at about coordinate 150 (the ␤-lactamase promoter), at 2650 (the CUP1 promoter), and at 2850 (within the C-less cassette). At higher superhelix densities, two of the secondary peaks (the promoters) also appear in the probability profiles. Thus, the CUP1 promoter is predicted to be relatively unstable to superhelical stress. The putative TATA boxes and the initiation element are included in the promoter peak, whereas the upstream activating sequences are located in between the 3Ј URF and CUP1 promoter peaks.
To assess whether the SIDD profile represents an accurate prediction of sites susceptible to melting, mung bean nuclease was used as a probe for single-stranded regions in pCUP1C-less(410) at different superhelix densities (the substrates in Fig.  2 ). Sites sensitive to mung bean nuclease were identified in an indirect end-labeling experiment: plasmid DNA was incubated with mung bean nuclease, linearized with AatII, and electrophoresed in a denaturing agarose gel. A Southern blot was probed with the 252-bp AatII-NdeI fragment (Fig. 5B) . A specific set of bands was observed. The strongest band corresponds to the 3Ј URF (coordinate 2340); the other strong band maps to the termination region of the ␤-lactamase gene (coordinate 1180). There are weaker bands at the CUP1 promoter (at coordinate 2680), mapping to the initiation region, and at a site near the plasmid origin of replication (coordinate 1700). With the exception of the latter site, these are the sites predicted by SIDD analysis. The rate of cleavage increased with superhelix density, but there is some cleavage at these sites in relaxed plasmid, suggesting that these regions retain some single-stranded character even in the absence of significant supercoiling. Taken together, these observations suggest that the initiation element in the CUP1 promoter is intrinsically unstable to superhelical stress. The introduction of superhelical stress into the plasmid destabilizes the initiation element and allows Pol II to initiate at either of two precisely selected start sites.
Discussion
We have shown that Pol II recognizes an initiation element in the CUP1 promoter and initiates transcription at two precisely defined start sites, provided that the DNA is negatively supercoiled. This is a surprising result because no other transcription factors were required. Neither TBP, the large subunit of TFIIF, nor mediator components (Srb4 and Gal11) were detectable in the preparation. However, it is always possible that small amounts of these factors are present below the detection limits. In this regard, it is important to note that transcription was not dependent on the TATA box, which could be deleted.
Our observations are consistent with and extend previous observations (30, 31) demonstrating that purified Pol II initiates on supercoiled DNA in a nonrandom fashion. Others (16, 17, 32) have reported a minimal set of general transcription factors that can support transcription from supercoiled DNA-in these cases, only certain promoters were functional when linked to the same synthetic cassette in the reverse orientation (i.e., a G-less cassette). We did not observe any transcripts initiated from the CUP1 promoter when the cassette was reversed (data not shown), although in this case the initiation element was removed (otherwise GTP would be required for transcription). Whether the CUP1 promoter is typical of yeast promoters is unclear because it has so few factor requirements in vivo. If it is typical, then the sequence of the promoter and the link to the cassette are likely to be critical in determining whether a particular construct can be transcribed by Pol II alone. Certainly, some promoters are nonfunctional in transcription assays involving G-less cassettes, including several yeast promoters (33) . The possibility that Pol II alone can initiate transcription at a promoter under certain conditions has potential for introducing artifacts in studies of the role of transcription factors, if the appropriate controls are not performed. This is unlikely to be a problem in experiments using crude extracts because these typically contain high levels of topoisomerase activity.
The role of negative supercoiling is presumably to decrease the local stability of the DNA duplex and thereby increase the probability of initiation, where a major step is the transition from the closed to the open complex in which the DNA strands are separated. The amount of free energy required to unwind a given stretch of DNA depends on base sequence and superhelix density and can be calculated by SIDD analysis. Certain DNA sequences within superhelical molecules are intrinsically less stable than others. These ''stress points'' correlate remarkably well with gene regulatory regions: in a theoretical analysis of a set of well studied yeast genes, all transcription termination regions and nearly all promoters were identified as stress points (19) . CUP1 is no exception: its promoter is also predicted to be a stress point and its sensitivity to mung bean nuclease supports this contention.
Initiation at the CUP1 promoter occurs at precise start sites determined by the sequence of the initiation element. The sequence recognized is unlikely to be rare because initiation also occurred at several precise sites within the cassette, predominantly using the G-less strand as template. The obvious difference between the two strands is the presence of either G or C, but they also differ in their A͞T contents, with about twice as much T in the G-less strand, which is therefore highly enriched in pyrimidines. The 25-bp CUP1 initiation element is also rich in pyrimidines on the template strand (about 70%) and is the most pyrimidine-rich region downstream of the distal TATA box. This is in accord with previous observations with purified Pol II and synthetic duplexes: Pol II selects pyrimidine-rich strands as template and prefers to initiate transcription with a purine (34) . Indeed, many studies of elongation by Pol II have made use of the fact that Pol II will initiate efficiently on a template with a 3Ј tail of C residues (pyrimidine tails are 10-100 times more efficient than purine tails) (35) . Thus, it is suggested that Pol II transcribes the CUP1 promoter when negatively supercoiled, because promoter DNA is relatively easy to unwind and the initiation element contains a pyrimidine-rich strand to act as template. This would also determine the direction in which Pol II transcribes. The upstream sequences might increase initiation efficiency by increasing the instability of the promoter DNA (the stress point in the CUP1 promoter includes the TATA box region as well as the initiation element). Alternatively, they might be recognized directly by Pol II.
Both Pol II and TFIIB have been implicated in start site selection in budding yeast by genetic experiments (36) . Certain mutations in the large subunit of Pol II (RPB1) have similar effects to mutations in the gene for TFIIB (SUA7), shifting the choice of start site downstream from the wild-type start sites, to previously minor start sites. In contrast, mutations in RPB9 shift the selected start site upstream from the wild-type sites, both in vivo and in vitro (37) . A scanning model has been proposed based on detection of melted regions in the GAL1͞GAL10 promoter in vivo, which extended from about 20 bp downstream of the TATA box to the initiation region (38) : polymerase associates with the promoter, melts the DNA, and then scans the DNA to locate the start site. We speculate that our observations are relevant to the scanning mechanism: melting is aided by supercoiling, facilitating entry of polymerase into the helix, which then scans the DNA to locate the start site.
As suggested previously (16) , the role of the transcription factors might be to mark the promoter and to help melt promoter DNA for polymerase, a process requiring the hydrolysis of ATP (39) (40) (41) . It is reasonable to suppose that negative supercoiling of the template DNA might allow polymerase to bypass these requirements in vitro. If high superhelix densities occur in yeast cells, it is likely that they will exist only transiently, because of the presence of potent topoisomerase activities. Activation of CUP1 in vivo might involve the loss of a nucleosome from the promoter. If this is the case, it is a possible source of supercoiling: the superhelix density of DNA in a nucleosome is about Ϫ0.07 (one negative supercoil in 147 bp), which is within the relevant range of . If formation of a transcription complex were coupled with nucleosome loss, then this supercoil might be trapped within the complex and used to promote transcription, instead of being rapidly dissipated. Indeed, nucleosome loss in vivo results in activation of a CUP1-lacZ reporter gene independently of copper and Ace1 binding sites (42) .
